Abstruct-We present a Pr3+-doped silica-based fiber laser mode-locked by using a linear external cavity with a vibrating mirror. Stable laser pulses with a FWHM of less than 44 ps, peak power greater than 9 W, and repetition rate up to 100 MHz are obtained. The pulse width versus cavity mismatch AL and pump power have been investigated. With a short piece of nonlinear fiber included in the external cavity, laser pulses of 45 ps have been measured.
I. INTRODUCTION ODE-LOCKED lasers yield picosecond and femtosec-
M ond time resolution in a large number of applications.
During the last several years, mode-locked solid-state lasers have been the subject of intensive research and improvements. Especially the mode-locked Nd:glass lasers at 1.06 pm [ 11, [2] , because of the need for front-end picosecond and femtosecond oscillators for high power Nd:glass amplifier chains and for simple sources of ultrashort laser pulses, have been examined. However, these mode-locked bulk solid-state laser systems suffer from thermal instability and other drawbacks.
As an attractive alternative, the rare-earthbdoped fibers have been used in various mode-locked laser systems to generate ultrashort pulses. These fiber laser systems have several advantages over their bulk counterparts: They are free from thermal drifts, they show higher stability to environmental perturbations, and they could be easily integrated with fiber-optic components.
Several groups have reported mode-locking of neodymiumdoped [3]- [5] and erbium-doped [6]-[lo] fiber lasers. The linear external cavity mode-locking technique [3] , [ 11] ,[121 offers one simple and effective way of obtaining ultrashort pulses with high repetition rate. Further improved performance may be obtained by using a nonlinear fiber in the external cavity [13] .
In this paper, we demonstrate a mode-locked Pr3+-doped fiber laser utilizing a linear and a nonlinear external cavity with a vibrating mirror. The characteristics of the laser pulses versus laser cavity parameters are investigated. The mode-locking mechanisms and dynamics are discussed.
EXPERIMENTAL SETUP AND MODE-LOCKING MECHANISMS
The schematic configuration of the mode-locked Pr3+-doped fiber laser system is shown in Fig. 1 Pr3+-doped silica-based fiber with A1 co-dopant is used as the active laser medium. This fiber is made by a solutiondoping technique. It has a cut-off wavelength of 875 nm, a NA of 0.18, and a concentration of Pr+3 ions of ~4 . 8 .
10l8 ions/cm3. The doped fiber ends are directly butted to the two laser mirrors, which form the master laser cavity. The pump of a Rh6G dye laser at 590 nm is coupled into the doped fiber by a x20 microscope-objective through a high reflector HR (96% reflectivity around 1048 nm). The total coupling efficiency at the pump wavelength 590 nm is -60%. The output from the master cavity is collimated and coupled into the external cavity by a collimating lens with a broadband antireflection coating. The external cavity is formed by the output coupler (OC), high reflection mirror M1 (99% reflectivity around 1048 nm), and mirror M2. The mirror M2, a slab of optically polished glass with 150 pm thickness, yields -8% reflectivity, and is mounted on the core of a loudspeaker. The loudspeaker vibrates sinusoidally at a frequency of a few hundred Hz. Single transverse mode emission of the laser is at 1048 nm, corresponding to the transition of 'D2 -3 F 3 , 4 of the Pr3+-doped fiber.
Ultrashort pulse generation in lasers generally depends on the simultaneous presence of frequency modulation (FM) and amplitude modulation (AM) at the round trip frequency. In our mode-locked fiber laser, the external cavity, with vibrating mirror M2, gives rise to a frequency modulation, and the Kerrnonlinearity of the doped fiber yields an amplitude modulation.
The mode-locked pulse formation in the laser specifically depends on the reflecting characteristics of the external Fabry-Perot cavity. Considering in steady state a master cavity with many longitudinal modes, the frequency shift A w , caused by the vibrating mirror, may be deduced to [14] A w = c 1 (
where c1 is a constant dependent on the reflections and phase delays of the two cavities, and 5 2 w , V~ / c is the contribution from the Doppler shift from the linear external cavity, in which 4 represents backward and forward motion of M2; w, is the optical frequency of the n'th mode; VM is the translation speed of mirror M2; and c is the speed of light. The frequency shift A w is calculated to be -0.16 MHz for a single cavity transit, when the external cavity is considered to be lossless. These frequency shifts add up for each cavity transit and will finally equal the longitudinal mode spacing of the laser (96 MHz), resulting in mode-locking.
Amplitude modulation is required for the generation of stable pedestal-free pulses. In our case, the amplitude modulation is caused by the Kerr-nonlinearity of the Pr3+-doped fiber. The doped fiber, with its strong confinement of the optical field, gives a nonlinear optical effect. The self-phase modulation, due to the Kerr-nonlinearity in the doped fiber, gives a change in the reflection AR of the external cavity, which may be found as [15] , [16] 
where c2 is a constant representing the reflections and phase delays of the two cavities; 1 is the length of the doped fiber; X is the lasing wavelength; n2 ~3 . 2 . cm2/W is the nonlinear refractive index of the fiber; and I is the intensity of the light in the master cavity. The fact that the change in the reflection AR is proportional to laser intensity implies that the reflectivity of the external cavity will increase around the center of the laser pulse. This nonlinear mechanism compresses the pulse width and gives a pulse without background noise. The relaxation time of the nonlinearity is so fast that it does not cause any limitation on the pulse width of the mode-locked laser.
With the addition of a short piece of nonlinear fiber in the external cavity, the self-phase modulation will be enhanced, and the reflection from the external cavity will be intensitydependent and will thus act as a saturable absorber mechanism. This nonlinear effect will force more laser modes to be locked and may result in an improved mode-locking performance ~3 1 .
EXPERIMENTAL RESULTS AND DISCUSSIONS
The experimental setup is shown in Fig. 1 . The output of the mode-locked laser is split into two beams by the beam-splitter (BS). One beam is sent to a monitoring photodetector (PDl) with a bandwidth of 500 MHz for the optimization of the laser with respect to the pulse intensity. Another beam is used for analyzing the laser pulse shape by a fast photodetector (PD2).
With a 30% OC, the fiber laser has a cw lasing threshold of 4 mW (absorbed pump power), and a slope efficiency of 18%, measured immediately after mirror M2. The threshold of mode-locked operation is 50 mW, much higher than the threshold of cw-lasing, because the mode-locking operation can only be achieved with many modes excited and with a pronounced Kerr nonlinearity. Pulse width and stability of the mode-locked pulse train has been studied as function of the modulation frequency of mirror M2. Mode-locked operation is observed for modulation frequencies of the mirror in the range of 100-450 Hz. Fig. 2 shows a pulse train obtained at a driving frequency of 300 Hz, where optimum conditions as to pulse width and stability are found. The periodicity of the modelocked pulse train corresponds to one sweep of the mirror, with mode-locking rapidly building up and decaying around the turning points of the mirror (where the Doppler shift is zero). The difference in amplitude and duration of the pulsetrain envelopes are due to different off-axis displacements of the loudspeaker during its forward and backward movement. The mode-locked laser pulses have a repetition rate of 96 MHz, corresponding to the free spectral range of the master laser cavity.
The pulse width measurement system of the mode-locked laser consists of a 40 GHz optical front-end photodetector and a fast digital oscilloscope with a bandwith of 34 GHz. This system has a measured FWHM response time of 14 ps for the photodetector and oscilloscope using an additive-pulse mode-locked femtosecond laser as the fast source. The pulse width (FWHM) of the mode-locked fiber laser is obtained by deconvoluting the measured pulse width with the prompt of the detection system. Due to reflections from the measurement systems, spurious optical feedback must be below Z-30 dB to avoid deteriorating mode-locked operation. Thus the measurement system is misaligned to avoid this problem. Several parameters control the quality of the mode-locked pulses,. the most important being the cavity mismatch A L (the difference in optical length between the master cavity and the external cavity), the output coupling, and the feedback from the external cavity. Fig. 3 shows typical output pulses as function of cavity mismatch AL; and Fig. 4 shows the full dependence of the pulse width on cavity mismatch for two values of the output couplers (OC): 30% and 44% respectively. 
AL.
The output coupling is OC = 30%.
Three typical output laser pulses as function of cavity mismatch
The pulses are all measured with a fiber length of 108 cm, a pump power of 216 mW, and a vibration frequency of 300 Hz of the mirror M2. Mode-locking ceases for cavity detuning below 0.4 mm. This is in agreement with other investigations [3],[ 171 employing different cavity configurations and laser media. The reason for the disappearance of mode-locking is attributed to the extension of the stationary field from the master laser cavity to the external cavity due to mode matching of the two cavities. The resulting interference prevents the locking of the modes even in the presence of a frequency chirp due to the vibrating mirror M2. For cavity detuning larger than 0.4 mm, the pulse width of the mode-locked laser becomes larger with increasing cavity detuning. This is due to the fact, that for the larger cavity detuning, it takes a longer time to find a balanced stable mode-locking point. The 44% OC results in wider pulses and a faster broadening of the pulse width as a function of the cavity mismatch, as compared to 30% OC. Positive and negative cavity mismatch, which result in a different broadening rate, has been investigated in [18] . Satellite peaks in the laser pulse, caused by the interference between the field inside the master cavity and the field reflected back from the external cavity [3], become pronounced with 44% oc.
The 30% OC yielded pulse width less than 44 ps and an average power of 40 mW. Peak power and pulse energy are found to be 9 W and 0.4 nJ respectively. The 44% OC resulted in a pulse width of 56 ps. To further study the effect of the output coupling, a 15% OC is used, which gives a pulse width of 90 ps. Thus, 15% OC does not result in a better modelocking, despite of the expectation of having a larger number of longitudinal modes and an enhanced nonlinearity. A lower coupling efficiency between the master and the external cavity causes this deterioration of the mode-locked performance. The pulse width and the length of the pulse trains are found to be sensitive to the amplitude and frequency of the vibrating mirror M2. With a higher amplitude, where mirror M2 has a higher translation speed, a slightly longer pulsetrain is expected from the mode-locked laser. However, our experimental results are in contradiction to this analysis. The reason is related to the stability of the vibrating mirror. We observe persistent relaxation oscillation with a several-kHz repetition rate, when the vibrating mirror M2 is not carefully adjusted. This is due to a non-uniform transverse vibration of the loudspeaker.
The output pulse width as a function of absorbed pump power is investigated for a fiber length of 94 cm, a vibration frequency of 350 Hz of the mirror M2, and a cavity detuning of 3.0 mm. The results are shown in Fig. 5 . The pulse width is found to be insensitive to pump power. This is due to two competing factors affecting the mode-locked pulse width. A higher pump power tends to stimulate more oscillating modes, and the nonlinear effect in the doped fiber becomes stronger, giving a larger amplitude modulation. These two effects force the laser pulses to become narrower. On the other hand, higher pump power also narrows the stimulated emission spectrum, resulting in a broadening of the laser pulse width.
To enhance the nonlinear effect we have included a 28-cm-long nonlinear fiber in the external cavity. The feedback parameters of the external cavity have been changed in order to yield -10% feedback. By careful adjustment of the system to reduce the spurious inter-reflection, the mode-locked laser with a FWHM of 45 ps has been obtained. The performance of the mode-locked laser has not been improved, compared to the laser with the linear cavity. This is because of lower stability and the spurious internal reflections of the laser system.
IV. CONCLUSION
We have demonstrated the mode-locked P?+-doped silica fiber laser by employing a linear external cavity with a vibrating mirror. Stable trains of mode-locked pulses with pulse width less than 44 ps, peak powers larger than 9 W, and pulse energies larger than 0.4 nJ, have been achieved. The mode-locked pulses exhibited a high stability to environmental perturbations. With a nonlinear external cavity, laser pulses of 45 ps have been obtained. Thus the Pr3+-doped silicabased mode-locked fiber laser is found to be attractive as an ultrashort pulse generator in many applications. Furthermore, with the decrease of fiber length in the laser cavity, the modelocked fiber laser system can offer ultrashort laser pulses at a very high repetition rate. Dr. Poulsen is a member of IEEE.
